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A B S T R A C T
Improvements in energy eﬃciency and reductions in energy demand are expected to contribute more than half
of the reduction in global carbon emissions over the next few decades. These unprecedented reductions require
transformations in the systems that provide energy services. However, the dominant analytical perspectives,
grounded in neoclassical economics and social psychology, focus upon marginal changes and provide only
limited guidance on how such transformations may occur and how they can be shaped. We argue that a socio-
technical transitions perspective is more suited to address the complexity of the challenges involved. This
perspective understands energy services as being provided through large-scale, capital intensive and long-lived
infrastructures that co-evolve with technologies, institutions, skills, knowledge and behaviours to create broader
‘sociotechnical systems’. To provide guidance for research in this area, this paper identiﬁes and describes
thirteen debates in socio-technical transitions research, organized under the headings of emergence, diﬀusion
and impact, as well as more synthetic cross-cutting issues.
1. Introduction
Improvements in energy eﬃciency and reductions in energy de-
mand are widely expected to contribute more than half of the reduction
in global carbon emissions over the next few decades [1]. To provide a
reasonable (66%) chance of limiting global temperature increases to
below 2 °C, global energy-related carbon emissions must peak by 2020
and fall by more than 70% in the next 35 years. As an illustration, this
implies a tripling of the annual rate of energy eﬃciency improvement,
retroﬁtting the entire building stock, generating 95% of electricity from
low-carbon sources by 2050 and shifting almost entirely towards elec-
tric cars [2]. The rate and scale of change required is best described as
revolutionary: there are few historical precedents and existing policy
initiatives have achieved only incremental progress towards those ends
[3].
Major reductions in energy demand will require the widespread
uptake of technical and social innovations. The paper focuses on de-
mand-side low-carbon innovations, which refer to new technologies,
organisational arrangements and modes of behaviour (or social prac-
tices) that are expected to improve energy eﬃciency and/or reduce
energy demand. This broad deﬁnition encompasses both incremental
and radical innovations relevant to all energy using sectors. Fig. 11
provides some relevant examples, broadly classiﬁed by their degree of
technical or social novelty.
To date, most policy eﬀorts have focused upon technically and so-
cially incremental options (in the bottom left quadrant of Fig. 1). While
these are important in the short term, they face diminishing returns in
the long term, since their potential for further diﬀusion is limited.
Hence, more substantial demand reductions are likely to require more
radical innovations that are presently at an earlier stage of emergence
and require larger changes to existing sociotechnical systems.
The two dominant approaches that have, so far, underpinned most
policy eﬀorts (neo-classical economics and social psychology) have
strengths, but also important limitations for understanding both the
emergence and diﬀusion of radical innovations and the associated
system transformations [4]. Neoclassical economics considers energy or
carbon prices to be the critical variable in reducing energy demand,
supported where appropriate by policies to reduce economic barriers to
energy eﬃciency, such as split incentives, asymmetric information,
high transaction costs and diﬃculties in accessing ﬁnance [5–8].
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Neoclassical economics also provides a rationale for supporting new,
energy eﬃcient technologies at diﬀerent stages of the ‘innovation
chain’, but oﬀers only limited insights into either the process of in-
novation or the most eﬀective means of policy support.
These recommendations have at least three drawbacks. First, for
most consumers energy eﬃciency represents a secondary and largely
invisible attribute of goods and services, thereby muting the response to
economic incentives. Factors such as comfort, practicality and con-
venience commonly play a larger role in energy-related decisions, with
energy consumption being dominated by habitual behaviour shaped by
social norms [9,10]. Second, carbon pricing is politically unpopular and
energy eﬃciency remains a low political priority, resulting in a policy
mix that is frequently weak and ineﬀective [11]. Third, neoclassical
economics assumes rational decision-making by ﬁrms and individuals
and tends to pay limited attention to the broader, non-economic de-
terminants of decision-making [12].
Insights from behavioural economics and social psychology provide
deeper insights into the cognitive, emotional and aﬀective inﬂuences on
relevant choices and routines and suggest ways to ‘nudge’ people and
organisations towards more energy eﬃcient choices and routines
[13–15]. But social-psychological research focuses overwhelmingly
upon individual consumers and under-appreciates the importance of
interactions with other actors, organisational decision-making and
economic and social contexts. More fundamentally, both economic and
social psychology have an individualist orientation that underrates the
signiﬁcance of the collective and structural factors that shape beha-
viour, guide innovation and enable and constrain individual choice.
Thus, the dominant perspectives on reducing energy demand have a
number of limitations and these limitations are reﬂected in the partial
focus and relative ineﬀectiveness of the current policy mix. Given this,
we propose a broader socio-technical perspective that more fully ad-
dresses the complexity of the challenges involved as well as integrates
relevant insights from various social science disciplines.
A socio-technical transitions perspective is more appropriate for two
reasons. First, energy services such as heating and mobility are pro-
vided through large-scale, capital intensive and long-lived infra-
structures that co-evolve with associated technologies, institutions,
skills, knowledge and behaviours to create broader ‘sociotechnical
systems’ [16–22]. These systems are termed ‘sociotechnical’ since they
involve multiple, interlinked social and technical elements, such as
technologies, markets, industries, policies, infrastructures, user prac-
tices and societal discourses. Second, a transitions perspective ac-
knowledges speciﬁcities of the kinds of change processes involved.
Sociotechnical systems have considerable inertia, making it diﬃcult for
radically diﬀerent (and more sustainable) technologies and behaviours
to become established – such as electric mobility or mass transit
schemes. Hence, reducing energy demand involves more than im-
proving individual technologies or changing individual behaviours, but
instead requires interlinked and potentially far-reaching changes in the
systems themselves – or ‘sociotechnical transitions’. These transitions
are typically complex, protracted and path dependent and the outcomes
are diﬃcult to predict. A socio-technical transitions perspective ac-
knowledges these characteristics, while neo-classical economics and
social psychology do not.
The socio-technical transitions perspective has received much at-
tention in recent years [3,22–25]. In fact, authors have made so many
and diverse contributions in recent years that there is a risk of not
seeing the forest for the trees. Our key contribution is therefore to in-
ductively identify and describe thirteen key debates within this litera-
ture that are relevant for energy demand reduction. Our aim is to
construct a research map useful for guiding future research.
We have organized our discussion along three research themes:
emergence, diﬀusion and impact. Although this is suggestive of a linear
model of innovation, we think the distinction is useful since each theme
encompasses very diﬀerent analytical topics. Emergence and diﬀusion of
radical demand-side low carbon innovations refer to diﬀerent phases in
decades-long transition processes (although the boundaries between
them may be fuzzy). Impact refers to the ultimate eﬀect of low carbon
innovations on energy demand. Acknowledging complexities, we also
identify crosscutting debates that span the three themes. The focus
throughout is on theoretical and conceptual issues rather than speciﬁc
empirical topics. Many of the debates are relevant to research on ‘so-
ciotechnical transitions’ in general as well as to research on energy
demand in particular.
The paper proceeds as follows. Section 2 brieﬂy introduces the so-
ciotechnical transitions perspective on low carbon innovation and
contrasts this with more mainstream approaches to understanding in-
novation. Section 3 then explores the emergence of low carbon in-
novations from a sociotechnical perspective and identiﬁes ﬁve debates
on which further research is required. Section 4 brieﬂy conceptualizes
the diﬀusion of low carbon innovations and identiﬁes three pressing
debates. Section 5 addresses the impact of low-carbon innovations on
energy demand and identiﬁes three further debates. Section 6 then
highlights two cross-cutting debates that span all three themes, while
Section 7 concludes.
Fig. 1. Variety of low carbon innovations with dif-
ferent degrees of social and technical novelty.
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2. The sociotechnical transitions perspective
Numerous frameworks identify themselves as being ‘sociotechnical’,
with scores more focusing broadly on the interactions between science,
technology, and society. One review identiﬁed no less than 96 distinct
frameworks or theories focusing across the domains of technological
change, sociotechnical transformation, sustainability transitions, or the
diﬀusion, acceptance, and use of new technologies [26]. Nonetheless,
there are some key distinctions that set our sociotechnical transitions
perspective apart from others, which we examine here.
2.1. Assumptions with regard to innovation
The sociotechnical approach diﬀers from more conventional models
of innovation, which often equate innovation only with new tech-
nology. The simplest ‘linear’ model of innovation assumes that tech-
nological development proceeds according to its own, internal logic,
largely separated from society, and that once introduced in society, it
‘causes’ social changes. This model envisions science and technology as
an assembly line that begins with basic research, follows with devel-
opment and marketing of a given technology, and ends with the pro-
duct being purchased by consumers. Fischer [27] characterized this as a
“billiard-ball” model, in which technological development rolls in from
outside, and impacts elements of society, which in turn impact one
another.
A more sophisticated model sees innovation as arising from an in-
novation system, deﬁned as a “network of institutions in the public and
private sectors whose activities and interactions initiate, import, modify
and diﬀuse new technologies” [28]. This model highlights the inter-
actions and feedback loops between the diﬀerent phases of R&D, de-
velopment, demonstration, market formation and diﬀusion. Innovation
is viewed as a collective activity involving many actors and knowledge
feedbacks and is strongly inﬂuenced by institutional settings [28].
Within policy and scholarly debate around low-carbon transitions, this
challenge has increasingly been framed in terms of ‘pathways’ towards
change [29–31].
The sociotechnical approach takes this further and focuses upon
how innovation processes are often about creating new sociotechnical
systems through the co-construction of multiple elements [32–34]. In
addition to technological changes, this involves changes in infra-
structures, markets, regulations, user practices and so on. The suc-
cessful development of bike-sharing, for example, is about modal shifts
from cars to cycling, shifting from individual ownership to sharing,
developing robust bicycles, establishing an infrastructure of docking
stations and easy payment facilities, establishing new business models,
building political support, ensuring eﬀective maintenance and repair,
and disseminating positive discourses about cycling more generally.
The ‘co-construction’ of user practices and technology [34–36]. is
particularly relevant for our interest in reducing energy demand. On the
one hand, technologies are adjusted (in smaller and larger steps) to ﬁt
better with the user environment. On the other hand, the user en-
vironment (user practices, behavioral routines, infrastructures, policies,
etc.) is adjusted to accommodate the new technologies. In this way,
technologies, environments and user practices co-evolve, as Fig. 2 de-
picts.
More generally, the sociotechnical approach is concerned with the
interactions between various actors in the development and diﬀusion of
innovations. These may include researchers, designers, engineers,
ﬁrms, consumers, policymakers, urban planners, intermediaries and the
media. A sociotechnical analysis pays attention to interpretations, in-
terests, decisions, resource allocations, learning processes, and power
struggles among these actors. Innovation is understood as arising from
actions and interactions in social contexts, rather than from an intrinsic
technical or economic logic (e.g. the ‘best’ technology wins).
Within the sociology of technology, there are diﬀerent kinds of
socio-technical approaches that share some of the above characteristics,
but diﬀer in other ways. The Social Construction of Technology (SCOT)
approach [38], for instance, focuses on the meanings of technologies and
how these emerge from competing interpretations in relevant social
groups. SCOT consequently downplays the importance of economic
considerations such as ﬁnance and market competition. SCOT-studies
tend to focus on the emergence and stabilisation of artefacts, but pay
less attention to diﬀusion, impact or replacement of existing systems.
The Large Technical System (LTS) approach [39,16] focuses on a par-
ticular kind of technology: large-scale, integrated infrastructures. LTS-
scholars address emergence, diﬀusion and societal transformation, but
also pay less attention to replacement of existing systems. Their em-
phasis on ‘system builders’ also has heroic, voluntarist connotations,
often with a supply-side orientation. Actor-Network Theory (ANT) [40]
is a radical approach that adopts a ‘ﬂat ontology’, which means it un-
derstands coordination as emerging from circulations and translations
between local practices [41]. It thus challenges the traditional social
science emphasis on institutions and social structures as coordinating
forces. ANT also challenges traditional views on actors by endowing
artefacts (including electrons, scallops, assault riﬂes, and doorstops)
with agency, because they hold socio-technical networks together.
While provocative, ANT’s translational focus makes it impractical for
investigating decades-long transition processes as its methodological
recipe to ‘follow the actors’ is diﬃcult to put into practice.
To understand transitions, we suggest that the Multi-Level
Perspective (MLP) [42,43,18] is the most suited socio-technical ap-
proach. The MLP combines ideas from SCOT (on social networks and
interpretations) with evolutionary economics (which acknowledges
economic dimensions and struggles between radical innovations and
existing systems). The MLP thus spans foundational social science di-
chotomies [44]: agency and structure; stability and change; ideational
and material dimensions.
2.2. Transitions in sociotechnical systems
Substantial reductions in energy demand require transitions towards
new or durably reconﬁgured sociotechnical systems in heating,
lighting, motive power and mobility. Promising low carbon innovations
are the seeds for such transitions, but many of them are currently small
in terms of market share and amount of investment and face uphill
Fig. 2. Co-construction of technology and user environment ([37]: 251).
F.W. Geels et al. Energy Research & Social Science 40 (2018) 23–35
25
struggles against existing sociotechnical systems.2 One implication is
that current policy interventions (which revolve around cost structures,
information provision and regulation) may be insuﬃcient to bring
about non-marginal change. A second implication is that low carbon
innovations should not be studied in isolation, but in the context of
their compatibility with and struggles against existing sociotechnical
systems. One framework to understand these issues is the Multi-Level
Perspective (ML), which we brieﬂy describe to contextualize our later
discussion.
The MLP distinguishes three analytical levels [42,43,45].
1. The incumbent sociotechnical system refers to the interdependent mix
of technologies, industries, supply chains, consumption patterns,
policies, and infrastructures. These tangible system elements are
reproduced by actors and social groups, whose perceptions and ac-
tions are shaped by rules and institutions, such as shared meanings,
heuristics, rules of thumb, routines and social norms. These more
intangible elements are referred to as the sociotechnical regime.
Innovation in existing systems is mostly incremental and path de-
pendent, aimed at elaborating existing capabilities, because of var-
ious lock-in eﬀects [17]. These include sunk investments (in skills,
factories, and infrastructures), economies of scale, increasing re-
turns to adoption, favourable regulations, cognitive routines, social
norms and behavioural patterns. These reinforcing factors act to
create stability in the incumbent system.
2. Niche innovations refer to novelties that deviate on one or more di-
mensions from existing systems. The novelty may be a new beha-
vioural practice (e.g. car sharing), a new technology (e.g. battery-
electric vehicles), a new business model (e.g. energy service com-
panies), or a combination of these. Because radical novelties initially
have poor price/performance characteristics, they cannot im-
mediately compete with existing systems (e.g. electric vehicles or
heat pumps). Particular applications, geographical areas, markets or
subsidized programs therefore act as ‘incubation rooms’ – called
‘niches’ – which protect novelties against mainstream market se-
lection [46,47]. In these niches, radical innovations are initially
often developed by small networks of dedicated actors, often out-
siders or fringe actors [48].
3. The sociotechnical landscape forms an exogenous environment be-
yond the direct inﬂuence of niche and regime actors, but acting
upon them in various ways. This may be through gradual changes,
such as changes in cultural preferences, demographics, and macro-
political developments, or through short-term shocks such as macro-
economic recessions and oil shocks.
Transitions come about through processes within and between the
three analytical levels that vary over time. In the emergence phase, niche
actors engage with radical innovations (e.g. by improving technologies,
opening up markets, ﬁnding customers, attracting investment, lobbying
policymakers for support), but this does not automatically lead to so-
ciotechnical transitions because existing systems are stabilized by
multiple lock-in mechanisms. In the diﬀusion phase, niche innovations
build up internal momentum (through various mechanisms, discussed
below), while changes at the landscape level create pressure on the
regime. The subsequent destabilisation of the regime creates windows
of opportunity for niche innovations to diﬀuse. The wider breakthrough
of niche innovations leads to broader system transformation, which
generates impacts.
This brief description indicates that the MLP provides a big picture
understanding of transitions. The next three sections draw upon this
framework to further assess the processes through which low carbon
innovations emerge and diﬀuse, together with their impacts on energy
demand. In each case, we ﬁrst provide a general conceptualisation of the
relevant theme (emergence, diﬀusion, impact) and then highlight sev-
eral research debates within this theme. These are largely theoretical
debates that need to be connected to empirical questions.
3. Emergence of low carbon innovations
Research on emergence does not focus on the initial invention of new
ideas (e.g. from scientiﬁc research), but on the early introduction of
these ideas and their concrete embodiment into society. Confusingly,
the word ‘innovation’ is often used as a synonym for emergence, and to
distinguish early introduction from ‘diﬀusion’. The distinction between
emergence and diﬀusion is often fuzzy and gradual, but the former
involves much greater emphasis on plurality, experimentation, testing,
demonstration and collective learning.
The introduction of innovations tends to be diﬃcult because the
supportive sociotechnical contexts that allow innovations to thrive –
e.g. networks of institutions, formalised and tacit knowledge, social
norms and expectations, design standards, ﬁnancial resources, and so
forth – have yet to be established. A common manifestation of the ab-
sence of supportive contexts for innovations is the so-called ‘valley of
death’ [49] between research or demonstration projects on the one
hand and full-blown market commercialisation on the other. Many
novelties fail to cross this chasm or take a very long time to do so. As a
result, it is diﬃcult to mobilise suﬃcient ﬁnancial resources and/or
policy support for development and subsequent diﬀusion.
According to the sociotechnical transitions literature [46–52], the
creation of ‘protective spaces’ is a useful and important means of en-
couraging emerging innovations because they shield those innovations
from the pressures imposed by the existing system and give them time
to mature. Such protective spaces allow actors associated with in-
novations to address and reduce a wide range of uncertainties, in-
cluding:
1. Techno-economic uncertainties: There may be competing technical
conﬁgurations (electric vehicles, for instance, may use lead acid
batteries, nickel metal hydride batteries, lithium ion batteries, and
zinc air batteries), each with diﬀerent advantages and dis-
advantages.
2. Finance and investment related uncertainties: Often it is diﬃcult not
only to obtain the funding that is necessary for technical develop-
ment and practical experimentation, but also to evaluate the ra-
tionality of investments in innovations. To attract funding, product
champions often make positive promises [53,54] and even expert
analysts in technical areas often suﬀer from ‘appraisal optimism’
[55–57].
3. Cognitive uncertainties: Actors developing niche innovations often
have diﬀerent views and perceptions about technical speciﬁcations,
consumer preferences, infrastructure requirements, future costs, and
so forth [58]. This ‘interpretive ﬂexibility’ [38] gives rise to debates,
disagreements, discursive struggles and competing visions [59,60].
4. Social uncertainties: The networks of actors developing niche-in-
novations are often unstable and ﬂuid. Actors may enter into part-
nerships for a few years, but then leave if diﬃculties arise or funding
runs out [61]. Start-up or spin-oﬀ ﬁrms may be attracted by new
opportunities, but then may also exit when economic ventures fail
(as they often do in early phases).
To address these uncertainties, the literature on ‘strategic niche
management’ (SNM) distinguishes three core processes in the devel-
opment of niche-innovations (see [51], for a summary):
• Articulation of expectations and visions: Expectations are considered
crucial for niche development because they provide direction to
2 The UK heating system, for instance, is dominated by individual boilers (95% of
households), most of which are linked to the national gas infrastructure (80% of house-
holds) [175]. So, low carbon heating innovations that rely upon diﬀerent energy carriers
(e.g. heat pumps) or require diﬀerent infrastructures (e.g. district heating) face con-
siderable diﬃculties in becoming established.
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learning processes, attract attention, and legitimate (continuing)
protection and nurturing [53,54,62];
• Building of social networks: This process is important to create a
constituency behind an innovation, to facilitate interactions be-
tween relevant stakeholders, and to provide the necessary resources
(e.g. venture capital, people, and expertise) for further development
and subsequent diﬀusion [46];
• Learning processes along multiple dimensions [63], including: tech-
nical aspects and design speciﬁcations; markets and user pre-
ferences; cultural and symbolic meaning; infrastructure and main-
tenance networks; production, supply chains and distribution
networks; regulations and government policy; and societal and en-
vironmental eﬀects.
Niches can be said to gain momentum if: ﬁrst,
visions and expectations become more precise and more broadly ac-
cepted; second, the alignment of various learning processes results in
shared expectations and a ‘dominant design’; and third, networks in-
crease in size, including the participation of powerful actors that add
legitimacy and expand resources [51]. These processes of stabilisation,
growing acceptance and support and community building tend to occur
over sequences of concrete demonstration projects, experiences and
trials (see [50], for one conceptualisation of these processes).
Having summarised and characterised the niche-innovation litera-
ture, we now identify ﬁve research debates that are relevant to the
emergence of low carbon innovations.
3.1. The relative role of outsiders and incumbents
One debate that has attracted signiﬁcant attention is the composi-
tion of social networks and the question of which actors drive the in-
novation. Speciﬁcally, what are the roles of new entrants relative to
actors within the incumbent regime such as electric utilities and car
manufacturers? The early SNM literature and the grassroots innovation
approach [64,65] suggested that start-ups, civil society organisations
and grassroots innovators tend to pioneer radical niche innovations
because they are less ‘locked in’ and willing to think ‘out of the box’.
Incumbent actors, in contrast, were thought to focus on incremental
innovations that ﬁt easier with existing capabilities, capital investments
and interests.
Recent work has questioned this simple dichotomy, identifying
many instances where incumbent actors develop radical niche innova-
tions [66–70]. New entrants may also collaborate with incumbents in
order to draw on their ﬁnancial resources, technical capabilities and
political connections. This may accelerate emergence but almost in-
evitably entails some ‘mainstreaming’ and weakening of the radical
aspects of the innovation [71]. While this may enhance the scalability
of innovations – i.e. the potential for growth and wider diﬀusion – the
risk is also that their critical edge and potential to bring about ‘deep’
changes to contemporary society are lost.
3.2. The scalability of niche-innovations
A second debate concerns the scalability of niche-innovations. Some
innovations (like bike-sharing) may be scaled up through successively
larger demonstration projects [72,50]. But others (like bike co-opera-
tives or urban gardening projects) may be more diﬃcult to scale-up and
hence remain relatively small – catering to the needs of a speciﬁc (local)
user segment. This raises questions for policy. A focus on eﬃciency and
eﬀectiveness may result in a greater support for scalable innovations
that hold the promise of signiﬁcant reductions in energy consumption,
including electric vehicles and urban light rail. Yet, less scalable in-
novations may provide signiﬁcant wider and/or not necessarily easily
quantiﬁable beneﬁts. For instance, bicycle cooperatives can fulﬁl an
important role in the maintenance of individually and publicly owned
bikes and, like urban gardening projects, assist in the (re)integration of
disadvantaged youth, ex-convicts, etc. into working life and main-
stream society [73]. This may make support for innovations with lim-
ited scalability worthwhile and raises hitherto largely unaddressed
questions for SNM and multi-level thinking: is up-scaling of niches the
only way through which regime shifts can come about?
3.3. Place and geography
A third debate concerns the signiﬁcance of place and geography for
sustainability transitions [74–76]. While the sociotechnical literature is
strong on temporal issues, it has paid less attention to spatial questions
such as: Why do innovations emerge more often in some than in other
places? Why do transitions unfold faster in certain locations than in
others? What is the role of local and regional institutions, policies and
forms of governance in the emergence and diﬀusion of innovations?
Much of the recent thinking on the geography of sustainability transi-
tions focuses on cities and urban networks [68,77–80]. This is largely
because cities now house the majority of the world’s population; ur-
banisation is continuing apace [81]; cities have long been the cradle of
innovations and creativity [82,83]; and economic and state re-
structuring under neoliberal capitalism have enhanced the economic
and political signiﬁcance of cities [84,85]. Research on the role of
place, cities and urban networks can advance understanding of how
interactions within and across niche innovations, and indeed niche in-
novations themselves, are constituted by assemblages of regulation,
funding, discourses, the pre-existing material fabric (e.g. buildings,
physical infrastructures, technical artefacts), collective values and
customs that are both place-speciﬁc and networked across localities.
This deepens insight into the locational ‘stickiness’ (e.g. why have all
attempts to create congestion charge schemes in the UK beyond London
failed?) and spatial politics of niche innovations, and hence their scal-
ability and potential transferability.
3.4. The economic and business dimensions of niche innovations
A fourth debate is the need to further articulate the business and
economic dimensions of niche-innovations. Reﬂecting their sociological
origins, SNM studies have tended to focus disproportionately on socio-
cognitive dimensions, such as visions, social networks and learning
processes. This could be fruitfully complemented with more economic
research on the development and evolution of new business models
(e.g. energy service companies, bike/car sharing) and the role of (pri-
vate and public) funding mechanisms [86–89]. The latter is especially
important since funding is a major constraint on the emergence of in-
novation in sectors such as domestic buildings and urban transport
[68]. Insights from political economy can also be utilised to analyse
how powerful actors inﬂuence funding streams [90]. Another important
economic issue is how investments in emerging (technological) in-
novations may generate broader economic beneﬁts, such as ‘green jobs’.
Promises of such beneﬁts form a key part of societal debates around
such innovations (e.g. underpinning the creation of the Oﬃce for Low
Emission Vehicles), even though there are many uncertainties about the
size of these beneﬁts and to whom they accrue [91].
3.5. Changing user practices
A ﬁfth debate concerns changes in user practices in relation to niche
innovations. This topic has not been studied in great depth in the SNM
literature, which has focused more on new technologies and services
than on their consumption and end-use [92,93]. Further development
of the role of users in niche-innovation can draw on insights from
various literatures. For example, the literature on domestication
[94–96] emphasizes the creative agency of consumers who do not just
buy new technologies but also embed them in their daily lives. This
requires cognitive work (learning about the artefact and developing
new competencies), symbolic work (articulation of new interpretive
F.W. Geels et al. Energy Research & Social Science 40 (2018) 23–35
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categories, symbols, and beliefs that guide ‘sense-making’ of new
technologies) and practical work (adjustment of user routines to match
the new technology). Similarly, the literature on user innovation
[97–99] suggests that users play active roles in the development of new
uses of technologies that were not foreseen by producers. Furthermore,
interactions between supply and demand may be facilitated by inter-
mediary actors (e.g. consumer organizations, patient representatives,
organizations, marketing and testing agencies, retailers, auto clubs,
salespeople) and by institutional loci where users, mediators and pro-
ducers can meet to negotiate and align technical design choices and
user preferences [99–104].
4. Diﬀusion of low carbon innovations
The widespread diﬀusion of low carbon innovations is necessary to
achieve energy demand reduction on a substantial scale. However,
large-scale diﬀusion in mass markets often means head-on competition
with incumbent sociotechnical systems, which are stabilised through
the alignment of existing technologies with the business, policy, user
and societal contexts. Therefore, the diﬀusion low carbon innovations
does not happen in an ‘empty’ world, but in the context of existing
systems that provide barriers and active resistance [105]. Another
problem is that many low carbon innovations are not intrinsically at-
tractive to the majority of consumers since they are often (initially)
more expensive and perform less well on key dimensions. Much of the
recent policy interest in low carbon innovation is driven by public good
concerns (e.g. sustainability, climate change) rather than by private
interests, which implies that diﬀusion is unlikely to be driven solely by
economic mechanisms. Policy support, cultural discourses and social
pressures are therefore likely to be important factors as well, which
means that a multi-dimensional approach is required.
The MLP conceptualises diﬀusion as entailing two interacting de-
velopments: 1) the creation of endogenous momentum of niche-innova-
tions; and 2) the embedding of niche-innovations in wider contexts and
environments. Both developments can be seen as process of co-con-
struction and alignment.
Endogenous momentum arises gradually from the same processes that
drive the emergence of innovations, namely: developing larger social
networks with greater legitimacy and resources; aligning learning
processes on multiple dimensions (technical, market, infrastructural,
social political, cultural) resulting in a ‘dominant design’; and forming
clear and widely accepted visions of the future of the innovation. The
gradual shift from the emergence phase to the diﬀusion phase is char-
acterized by a reversal in which the innovation shifts from initial ﬂex-
ibility (when it is ﬂuid and socially shaped) to ‘dynamic rigidity’ [106].
Hughes [16] describes the emerging momentum of new systems in terms
of an increasing ‘mass’ of technical and organizational components,3
emerging directionality and system goals, and an increasing rate of
perceptible growth. Thus, endogenous momentum is driven my mul-
tiple and reinforcing causal mechanisms including: expansion of social
networks and bandwagon eﬀects; positive discourses and visions;
learning by doing; increasing returns to scale; network externalities;
strategic games between ﬁrms (e.g. ‘jockeying for position’); and in-
creasing support from policymakers who see the innovation as a way of
solving particular problems.
The diﬀusion of low carbon innovations also requires embedding
within policy, social, business and user environments [107]. This ex-
ternal ﬁt may be diﬃcult to foresee, as Rosenberg ([108]: 14) noted
more than forty years ago: “the prediction of how a given invention will
ﬁt into the social system, the uses to which it will be put, and the al-
terations it will generate, are all extraordinarily diﬃcult intellectual
exercises”. Achieving this ﬁt may be especially diﬃcult for more radical
niche-innovations that often face a ‘mismatch’ [109] with the existing
sociotechnical system. The process of societal embedding is con-
ceptualised as a co-construction process that entails mutual adjustments
between the innovation and wider contexts: “Technology adoption is an
active process, with elements of innovation in itself. (…) Behaviours,
organization and society have to re-arrange themselves to adopt, and
adapt to, the novelty. Both the technology and social context change in
a process that can be seen as co-evolution” ([42]: 389). The degree of
adjustment is a question for research, where one extreme is that the
innovation is adjusted to ﬁt in existing contexts and another extreme is
that the contexts are adjusted to accommodate the innovation.4
The distinctive contribution of a sociotechnical approach to diﬀu-
sion is to study the interaction between endogenous mechanisms and
external embedding. Although adoption decisions by individual con-
sumers remain important, the sociotechnical perspective focuses upon
the activities of a broader range of actors. Within this literature, we
highlight three debates that are relevant to the diﬀusion of low carbon
innovations.
4.1. How does the MLP relate to existing diﬀusion models
First, a general debate is how the MLP-based view on diﬀusion re-
lates to existing diﬀusion models that have been developed in the
economic, sociological, geographical, and psychological literatures
[110–113]. We suggest that these existing models may be grouped into
three broad families, namely: adoption models, socio-technical (or co-
construction) models, and spatial models (Box 1).5 The MLP currently
draws primarily upon the socio-technical (co-construction) models. A
conceptual research challenge is therefore to consider if and how the
socio-technical6 perspective can be enriched with insights from the
adoption and spatial models. A second question is how relevant the
various diﬀusion models are for diﬀerent types of low carbon innova-
tion and if their salience varies over time7.
4.2. Diﬀusion of systemic innovations
Second, there is a debate regarding the diﬀusion of systemic in-
novations (which often, but not necessarily, have an infrastructural
component). The adoption models, which are the dominant approach in
diﬀusion research, can be criticized for focusing on discrete artefacts or
products such as televisions, computers, and consumer goods. The
diﬀusion of systems or “systems of systems” [116] poses particular
challenges, which have not yet been systematically addressed ([117]:
160; [118]). Lyytinen and Damsgaard [119], for example, note six
speciﬁc shortcomings in the diﬀusion literature with regard to systems.8
Future research could therefore fruitfully investigate how systems
3 “The large mass of a technological system arises especially from the organizations and
people committed by various interests to the system. Manufacturing corporations, public
and private utilities, industrial and government research laboratories, investment and
banking houses, sections of technical and industrial societies, departments in educational
institutions and regulatory bodies add greatly to the momentum of modern electric light
and power systems” ([16]: 76–77).
4 Smith and Raven [52] proposed a dichotomy, characterizing the ﬁrst extreme as a ‘ﬁt-
and-conform’ pattern and the second extreme as a ‘stretch-and-transform’ pattern.
5 While spatial models can be subsumed under both adoption and co-construction
headings, we separate them out because they focus on geo-graphical temporal dimensions
(whereas most other models focus only on temporal questions).
6 ANT has overlaps with the relational geography models, discussed below, which
suggests that space is created by the extension of socio-technical networks and relations.
7 Early electricity systems, for instance, emerged within cities, and were subsequently
linked into provincial systems, and later into national systems that spanned entire
countries.
8 (a) Systems are not discrete packages, but develop during the diﬀusion process, (b)
the diﬀusion environment is not homogenous, but consists of diﬀerent arenas or niches,
(c) diﬀusion rates do not result from push or pull factors, but from co-evolutionary
learning and interaction, (d) consumer preferences and innovation characteristics are not
given beforehand, but articulated during the diﬀusion process, (e) instead of a single
diﬀusion curve, there may be multiple diﬀusion processes for diﬀerent application do-
mains, (f) time-scales are not short (months, years), as assumed in many adoption models,
but long (years, decades), which requires a processual approach.
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such as district heating or trams diﬀuse across space and over time.
Understanding this under-addressed topic is likely to require novel
conceptual work. One additional puzzle is that not all systems need to
follow a ‘point-source dynamic’ (as in S-curves), with change starting
small and then diﬀusing. Some new systems may grow out of old sys-
tems. Intermodal or integrated transport systems, for instance, ﬁrst
require suﬃciently developed train, bus, tram and/or bike systems that
can then subsequently be linked together (e.g. through intermodal
ticketing, ﬂexible interlinked timetables, high-frequency services and
smart-phone apps). Another puzzle is that existing systems may be re-
conﬁgured through the adoption of multiple innovations, which to-
gether lead to wider changes. Car-based systems, for instance, can be
reconﬁgured through self-driving cars, congestion charges, on-board
navigation tools, dynamic road management, and electric vehicles
providing back-up capacity for electricity grids (via power stored in
batteries). So, rather than following the diﬀusion of single technologies
(as diﬀusion theory still does), one could shift the unit of analysis and
ask how multiple innovations can reconﬁgure existing systems [120].
4.3. Accelerated diﬀusion and low carbon transition
Third, there is a more general debate on how diﬀusion can be ac-
celerated, which is especially relevant to low carbon transitions and the
time-sensitive problem of climate change [121,116,122]. The main-
stream climate mitigation literature [123,124] has identiﬁed a range of
options where strengthened policies could help accelerate low-carbon
transitions, such as R&D subsidies, feed-in tariﬀs, carbon pricing, per-
formance standards and removing fossil fuel subsidies. While useful and
important, these studies are instrumentalist, focused on analyses for
policymakers, not on analyses of policy, power, or politics [25].
This is problematic because scholars emphasise that the acceleration
of low-carbon transitions is a deeply political challenge. The German
Advisory Council on Global Change ([125]: 1), for instance, states that
while technical and policy instruments for low-carbon transitions are
well-developed, it is “a political task to overcome the barriers of such a
transformation, and to accelerate the change”. To understand such
deliberate acceleration it is too simple to focus on ‘political will’ or ask
policymakers to show courage (e.g. [126,127]), because such a vo-
luntarist orientation overstates the importance of politicians’ own vo-
lition. We therefore agree with Meadowcroft’s [128] that it is important
to better understand the “political conditions required to bring [low-
carbon policy instruments] into play” (S16; our emphasis). Conditions
for accelerated diﬀusion may derive from external shocks and crises
that change socio-political priorities and create a sense of urgency to
accelerate deployment [129,121]. Pressure for stronger policies may
also come from changes in public opinion or from companies that see
Box 1
Three families of diﬀusion models.
I) Adoption models focus on decisions by individual (and sometimes collective) adopters, in their capacity as ‘buyers’. The literature contains
various speciﬁc models, highlighting diﬀerent causal mechanisms. Examples include: (a) Epidemic models that focus on the spread of
information through a population, often through face-to-face personal contacts; (b) Socio-psychological models that suggest that the pro-
pensity to adopt an innovation depends upon people’s attitudes, beliefs, and norms [114] or on their orientation towards novelty, leading to
characterizations such as early adopters, early majority, late majority and laggards [110]; (c) Rational choice models that focus upon rational
cost-beneﬁt calculations and barriers to adoption (e.g. split incentives, uncertainty about payoﬀs) and the socio-economic characteristics
(income, profession, status) that shape the thresholds at which it becomes rational for people to adopt; (d) Characteristics of innovations
models which focus upon how the features of innovations themselves stimulate or hinder adoption, including relative advantage compared
to existing technologies, compatibility with existing values and needs, complexity, trial-ability, and observability [110]; and ﬁnally (e)
Increasing return to adoption models that identify positive feedbacks which improve price/performance characteristics as a technology
diﬀuses, e.g. learning by using, network externalities, scale economies in production, informational increasing returns, technological in-
terrelatedness [115].
II) Socio-technical (or co-construction) models fall into two groups. First, endogenous models assume that environments or contexts are
actively co-constructed with the innovation. Actor-network theory (ANT), for instance, conceptualises diﬀusion as a process of creating
sociotechnical networks and linkages in which new artefacts can function. Latour ([40]: 108) criticises adoption models for conceptualising
diﬀusion as an autonomous process in which “black boxes are eﬀortlessly gliding through space as a result of their own impetus”. Instead,
ANT suggests that “the spread in space and time of black boxes is paid for by a fantastic increase in the number of elements to be tied
together” ([40]: 108). Latour criticises adoption models for neglecting the ‘work’ that is required to make diﬀusion possible. “Thousands of
people are at work, hundreds of thousands of new actors are mobilised” (p. 135). Geels and Deuten [72] further develop some ANT-ideas
into a circulation and replication model of knowledge diﬀusion, which suggests that experiences with an innovation in one location need to
be abstracted and codiﬁed into general lessons (e.g. ‘best practice’ guidelines, design heuristics), which can then ‘travel’ to other locations,
where their application requires adjustments to accommodate local speciﬁcities. The diﬀusion of knowledge can thus be understood as a
process of ‘disembedding, travel and re-embedding’ that requires various actors and socio-cognitive activities. The LTS-approach under-
stands diﬀusion as a process of physically building systems and ‘seamless webs’, which includes system environments [39]. LTS-scholars
emphasize the role of ‘system builders’ in diﬀusion, which tends to be understood as a process of upscaling, expansion, and linking smaller
systems into larger ones [16].
Second, contextual co-construction models focus on the societal embedding of innovations into pre-existing environments [108,42,107].
These societal embedding processes may entail: (a) cultural embedding and discursive activities that link new technologies to broader
narratives [59]; (b) regulatory embedding, including political struggles over adjustments in existing standards, subsidy programs or reg-
ulations; (c) changes in the business environment, including business models, supply chains, skills and labour markets,; and (d) appro-
priation and domestication activities in user environments [94,95], including symbolic work, cognitive work, and practical work.
III) Spatial models also come in two forms that overlap with the adoption and co-construction models. Spatial-analytic models analyse
how innovations diﬀuse through space, which tends to be understood as objectively given and absolute. In particular, they investigate how
and why certain geographical locations adopt earlier or later [111] as a consequence of spatial, demographic, economic or industrial
characteristics. Relational geography models, in contrast, assume that space is not objectively ‘given’ but emerges from social relations. These
models focus on the co-construction of space and the diﬀusion of innovations. Spatial diﬀusion is thus explained through social relations,
networks and activities [85].
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commercial opportunities in low-carbon innovations [130,131]. Diﬀu-
sion may also be accelerated by incumbent ﬁrms reorienting themselves
towards radical innovations, thereby making ﬁnancial resources, tech-
nical capabilities and marketing expertise available [66,67,132]. Such
reorientation is not easy, and often requires both pressures (e.g. nega-
tive cultural discourse, threat of regulation) and economic opportu-
nities (e.g. potential new markets, attractive incentives).
5. Impact of low carbon innovations
Comprehending the impacts of low carbon innovations on energy
demand is central to public policy: energy eﬃciency improvements are
considered to be the most promising, fastest, cheapest and safest means
to mitigate climate change, as well as providing broader beneﬁts, such
as improved energy security, reduced fuel poverty, and increased eco-
nomic productivity [176]. However, compared to the large body of
work on emergence and diﬀusion, the analysis of the impacts of low
carbon innovations has received much less attention from socio-
technical researchers. Authors often emphasise the limitations of linear,
deterministic approaches to projecting impacts; the frequency with
which expectations of impacts are confounded by real-world experience
[56,57]; and the challenges associated with both anticipating impacts
ex ante and measuring them ex-post [133].
Quantiﬁcation of impacts is diﬃcult within complex social systems,
but may nevertheless be feasible for more incremental kinds of in-
novation within restricted spatial and temporal boundaries, e.g. the
adoption of condensing boilers and the retroﬁtting of loft and cavity
wall insulation [134,135]. In these examples, suﬃcient data exists for
the historical impacts of these changes to be measured and the relevant
systems are suﬃciently stable for the future impacts to be modelled.
But establishing the historical or potential future impact of more
radical innovations over longer periods of time presents much greater
diﬃculties. For example, commonly used modelling tools may not
capture all of the relevant mechanisms [133]; there may be no basis for
assigning values or ranges to relevant parameters; and certain types of
outcomes may be diﬃcult or impossible to anticipate. The impacts of
any change within a complex system are necessarily mediated through
multiple interdependencies, time-delayed feedback loops, path de-
pendencies, and threshold eﬀects. More fundamentally, the basic con-
cept of ‘impact’ is problematic from a sociotechnical perspective, be-
cause of its connotations with technological determinism – with
technology impacting on society in a linear and straightforward fashion
[136,137].
Hence, for radical and systemic innovations it is diﬃcult to establish
causality, assess historical impacts and project future ‘impacts’. While
historical analysis can provide rich descriptions of the co-evolutionary
processes involved, the primary lesson is the contingent nature of im-
pacts and our limited ability to anticipate them in advance. In this
context, authors in the sociotechnical tradition have focused more upon
transition processes than on the ultimate impacts of those transitions.
Against this background, we identify three important research de-
bates that are relevant to the impacts of low carbon innovations.
5.1. Rebound eﬀects
First, there is a critical debate on the rebound eﬀects from low
carbon innovations and the extent to which these may undermine the
anticipated beneﬁts of low carbon innovations [138]. Such eﬀects result
from a number of mechanisms operating at diﬀerent levels, across
geographical scales and over diﬀerent time periods, but only some of
these are amenable to quantiﬁcation. Moreover, attention to date has
focused almost exclusively upon economic mechanisms to the neglect of
other co-determinants. As an illustration, consider the following ex-
ample from transport systems: a) fuel-eﬃcient cars make travel
cheaper, so people may choose to drive further and/or more often,
thereby oﬀsetting some of the energy savings; b) joint decisions by
consumers and producers may channel the beneﬁts of improved tech-
nology into larger and more powerful cars, rather than more fuel-eﬃ-
cient cars; c) drivers may use the savings on fuel bills to buy other goods
and services which necessarily require energy to provide; d) the energy
embodied in new technologies (e.g. light-weight materials) may oﬀset
some of the energy savings, especially when product lifetimes are short;
e) reductions in fuel demand translate into lower fuel prices which
encourages increased fuel consumption, together with changes in in-
comes, prices, investments and industrial structures throughout the
economy; and f) more fuel-eﬃcient vehicles deepen the lock-in to the
sociotechnical system of car-based transportation, with associated and
reinforcing changes in infrastructure, institutions, regulations, supply
chains and social practices.
Rebound is therefore an emergent property of a complex system. A
growing body of research is exploring mechanisms a-b, and to a lesser
extent mechanisms c-e in transport and other areas (e.g., [139–141]),
but this research excludes non-economic mechanisms, tends to be
conﬁned to the short to medium term and stops short of assessing the
impacts of broader changes in the relevant systems. Nevertheless, such
studies indicate signiﬁcant departures from anticipated impacts. There
is a need to apply the relevant techniques to other innovations, con-
texts, datasets and time periods, and to extend the analysis to include
broader psychological, social, institutional and other factors that either
oﬀset, reinforce or contribute additional rebounds – for example, the
phenomena of ‘moral licensing’ [142,143]. However, methods for
studying the longer term impacts of sociotechnical transitions need
much more development, along with methods for evaluating the claim
that ongoing transitions are necessarily more sustainable.
5.2. Analyzing impact scenarios
Second, there is an important set of debates about the construction
of impact scenarios including the economic, social and political inﬂu-
ences on those scenarios and the societal impacts of the scenarios
themselves. Scenarios of both technology diﬀusion and energy con-
sumption are regularly produced by multiple public and private in-
stitutions and it would be useful to examine and compare their un-
derlying assumptions, the processes through which they are
constructed, their historical (in)accuracy and the perils and pitfalls that
result [144,145]. For example, Gross et al. [55] show how reliance on
‘learning curves’ for forecasting the future cost of electricity generation
technologies has led to over-optimistic estimates, exacerbated by the
tendency of analysts towards ‘appraisal optimism’. The latter may be an
endemic feature of technology appraisals owing to the powerful in-
centives to raise expectations in order to attract ﬁnance and social
support [146]. Economic, political and institutional inﬂuences can
shape the choice of data, methodologies and assumptions within impact
studies and the results can legitimise political decisions
[177,147,56,57]. Exploring this dimension of impact can enhance
awareness of how diﬃcult it is to assess future developments, especially
for innovations with substantial transformative potential, and how the
process of commissioning, creating and communicating those assess-
ments can inﬂuence the developments themselves.
5.3. Modelling tools for sociotechnical transitions
Third, there is an important debate on the use of quantitative
modelling tools for forecasting future impacts and the feasibility of
modelling broader sociotechnical transitions. The economic and policy
analysis literature is replete with model-based projections of future
transitions and energy-related impacts. While many traditional mod-
elling tools struggle to accommodate the non-linear, disruptive char-
acteristics of socio-technical transitions [133], relevant quantitative
techniques can oﬀer useful insights in appropriate circumstances, pro-
vided their limitations are acknowledged. Examples include under-
standing the impacts of speciﬁc innovations within circumscribed
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spatial and temporal boundaries, or clarifying the long-run relation-
ships between aggregate measures of productivity, consumption and
growth.
Until recently, the sociotechnical approach has mostly been used for
qualitative explorations of future transitions via sociotechnical sce-
narios and related techniques [178,148]. As with the historical studies,
these primarily focus upon the process of future transitions rather than
their impacts. In light of both the complexity of the processes involved
and our limited ability to anticipate future impacts, most sociotechnical
researchers have avoided formal modelling and quantiﬁcation.
In recent years, however, a productive research stream has started
to explore combinations of socio-technical and quantitative modelling
approaches [149,29,69,70]. Some researchers use new techniques, such
as agent-based models or stochastic system dynamics, to simulate socio-
technical transitions [150–152]. Other scholars have explored future
energy transitions through recursive interactions and ‘dialogue’ be-
tween quantitative models and qualitative socio-technical storylines
[153–156]. These bridging attempts form an important new research
stream that aims to combine quantitative rigour with processual socio-
technical insights.
6. Cross-cutting sociotechnical debates
The relational and co-constructionist nature of a sociotechnical
approach can blur the boundaries between emergence, diﬀusion and
impact. We identify two more synthetic cross-cutting debates that span
the diﬀerent themes.
6.1. The co-construction of impacts
The ﬁrst cross-cutting debate is how impacts of low carbon in-
novations are co-constructed by choices in the earlier processes of
emergence and diﬀusion. It is easy to use this co-construction notion to
criticize ‘traditional’ impact studies (for being too linear or ‘technolo-
gical determinist’), but more diﬃcult to develop a deeper under-
standing of relevant processes and mechanisms. There are some starting
points in sociological theories of innovation, but these need to be fur-
ther developed, especially for more radical and systemic low carbon
innovation.
Actor-network theorists, for instance, have argued that designers
build a ‘script’ into new technologies, which shapes later behaviour in a
non-deterministic manner [157]. So the impacts that manifest them-
selves in later periods are already (partly) constructed in early design
and emergence phases. By the time that the in-built impacts become
apparent, it is too late or too diﬃcult to make design changes. This
problem is sometimes called the ‘Collingridge dilemma’ [158], and it
has inspired some scholars [159,160] to develop ‘Constructive Tech-
nology Assessment’. CTA emphasizes not only the importance of early
thinking about future impacts, but also feeding the views about possible
eﬀects back into design decisions in the emergence phase of technolo-
gies (which is arguably important for 3D-printing now).
Social historians [137,27] suggest that impacts arise from the way
new technologies are societally embedded via speciﬁc policies, infra-
structures, markets, and societal debates [107]. So, the same innovation
(e.g. tele-working, bike-sharing, car-sharing, district heating) can have
diﬀerent impacts in diﬀerent countries or localities, depending on
choices during societal embedding processes.
This idea can be further exempliﬁed by exploring social justice
impacts. The material and social transformations associated with the
emergence, diﬀusion and impact of new innovations are imbued with
contestations over what is just, equitable, and right. Thus, there is a need
for studies that explore questions of ethics and justice across these
stages, including concern for where, how and with whom new tech-
nologies are socially embedded. Without a focus on justice, an energy
eﬃciency revolution may fail to acknowledge the burden of not having
enough energy, where some individuals lack access, are challenged by
under-consumption and poverty, and may face health burdens and
shortened lives as a consequence of restricted energy choices
[161,162].
6.2. Policy, politics and governance
A second cross-cutting debate concerns the role of policy and gov-
ernance in shaping the emergence, diﬀusion and impacts of low carbon
innovations. Three topics are of particular interest. The ﬁrst is the im-
portance of the policy mix and the synergies and conﬂict between dif-
ferent instruments. In line with the systemic approach to innovation
and impact taken throughout this article, we also take a systemic view
of policies and policymaking. As Kern et al. [11] identify, much of the
‘policy advice’ literature still focuses on individual policy instruments,
pairwise instrument interactions or intended policy mixes, neglecting
the analysis of complex, real-world mixes, their development over time,
and their consistency and coherency. We agree with Sovacool [163]
and Kivimaa and Kern [164] about the need for comprehensive policies
rather than individual, isolated mechanisms that tend to operate in a
non-predictable and non-synergetic matter. As an example, Givoni
et al.’s [165] exploration of the transport sector illustrates that the
deliberate and careful combination of mutually supportive policy
packages may result in more eﬀective and eﬃcient outcomes through
increasing public and political acceptability and the likelihood of im-
plementation. It is important therefore to look at the ‘whole system’ of
policy instruments, to identify positive and negative interactions be-
tween policies, and to investigate how these hinder or stimulate the
emergence, diﬀusion and impact of low carbon innovations.
The second topic is the pervasive role of politics in the emergence
and diﬀusion of low carbon innovations. Early transitions thinking was
criticised for being too technocratic, with a failure to fully acknowledge
the role of politics and conﬂict [166,93]. Since then a research stream
on the ‘politics of transitions’ has started to incorporate political science
theories into socio-technical perspectives, e.g. Sabatier’s advocacy
coalition framework [167], Kingdon’s multiple streams framework
[168], political economy [105,169], and political coalition theories
[170], with the aim of better understanding the conﬂicts and power
struggles associated with the emergence and diﬀusion of low carbon
innovations. Consequently, policymaking is not seen as a purely ra-
tional process, but as a political process involving multiple stakeholders
and social groups (e.g. ﬁrms, advisory bodies, consumer re-
presentatives, NGOs). So, we perceive policymakers as part of socio-
technical systems rather than as steering them from outside (‘cockpit
view’). The interactions within governance networks entail agenda-
setting, discussions, negotiations, as well as disagreements and conﬂicts
that relate to diﬀerent views, interests and positions.
A third topic is multi-level governance, which refers to interactions
between supra-national, national and local policies and policymakers.
This issue is particularly important for low carbon innovations, many of
which are not only implemented but also increasingly conﬁgured and
governed locally (e.g. tram-systems, cycling schemes, district heating
systems, building retroﬁts). In Europe, such local processes are shaped
by local policy makers (and their resources, capabilities, and political
responsibilities), operating in the context of national and European
framework policies such as targets, regulations and subsidy schemes
[171]. This literature usefully contextualizes some of the voluntarist
tendencies of the urban transitions literature, discussed in Section 3.
Schwanen [68] also shows how successes in the implementation of
urban transport innovations in UK cities are dependent on national and
EU level support. Bulkeley and Betsill [172] therefore advocate multi-
level governance approaches in research on the role of urban planning
for climate change protection, thereby blurring the boundaries between
global goals and local actions in the presence of the nation-state.
Alignments and tensions between supranational, national and local
policies are therefore critical in shaping the success (or failure) of low
carbon innovations.
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7. Conclusion and implications
This article has identiﬁed and described thirteen research debates in
the socio-technical transitions literature. The focus throughout has been
on theoretical and conceptual issues rather than speciﬁc empirical to-
pics. With this in mind, we oﬀer three broader conclusions.
First, the dominant economic and psychological approaches to un-
derstanding energy eﬃciency and demand reduction only provide a
partial picture which is reﬂected in the limitations of the current policy
mix and its focus upon incremental change. Radical reductions in en-
ergy demand require more far-reaching transitions in the systems that
provide energy services. Policies to encourage this must in turn be in-
formed by a deeper understanding of the actors, innovations, and causal
processes involved.
Second, a sociotechnical approach on low carbon innovation oﬀers
such an understanding. This perspective focuses upon how radical in-
novation is about creating new sociotechnical systems through the co-
construction of multiple elements. Informed by detailed case studies,
this interdisciplinary perspective sheds new light on how sociotechnical
systems evolve, stabilise and transform through the alignment of de-
velopments on multiple levels. The themes of emergence, diﬀusion and
impacts are useful heuristic devices through which to understand the
sociotechnical transitions that are required for drastic reductions in
energy demand. In each case we have described the sociotechnical
conceptualisation of the research theme and identiﬁed several research
debates within the theme. These debates are summarised in Table 1.
Third, a sociotechnical approach exposes several important char-
acteristics about low carbon innovation and transitions, namely:
1. Radical low carbon innovation involves systemic change: This extends
beyond purely technical developments to include changes in con-
sumer practices, business models and organisational arrangements.
A sociotechnical transitions approach links multiple innovations and
transforms broader sociotechnical systems.
2. Radical low carbon innovation involves cultural change: Low carbon
innovations are typically less ‘sexy’ then energy supply innovations,
and garner less interest from policymakers and the wider public
[173]. Most people have little interest in demand reduction and the
economic incentive to save energy is often weak. An energy eﬃ-
ciency and demand ‘revolution’ will therefore require dedicated
campaigns to create a sense of urgency and excitement about low
carbon innovations. To alter cultural preferences, such campaigns
need to go beyond information provision and aim to create positive
discourses and increase competencies and conﬁdence among (po-
tential) users.
3. Radical low carbon innovation involves new policies and political
struggles: Since many of the beneﬁts of low carbon innovation can be
considered a public good, incentives may be weak in the absence of
collective action. The development and adoption of low carbon in-
novations will therefore require sustained and eﬀective policies to
create appropriate incentives and support. The development and
implementation of such policies entail political struggles because
actors have diﬀerent understandings and interests, which give rise
to disagreements and conﬂicts. Managing low carbon transitions is
therefore not only a techno-managerial challenge (based on targets,
policies and expert knowledge), but also a broader political project
that involves the building of support coalitions that include busi-
nesses and civil society.
4. Radical low carbon innovation involves pervasive uncertainty: The
technical potential, cost, consumer demand and social acceptance of
new innovations are highly uncertain in their early stages of de-
velopment, which means that the process of radical innovation is
more open-ended than for incremental innovations. Such un-
certainty carries governance challenges. Policy approaches facing
deep uncertainty must protect against and/or prepare for un-
foreseeable developments, whether it is through resistance (plan-
ning for the worst possible case or future situation), resilience
(making sure you can recover quickly), or adaptation (changes to
policy under changing conditions) [174]. Such uncertainty can be
hedged in part by learning by ﬁrms, consumers and policymakers.
Social interactions and network building (e.g. supply and distribu-
tion chains, intermediary actors) and the articulation of positive
visions all play a crucial role. This uncertainty extends to the im-
pacts of low carbon innovations on energy demand and other vari-
ables, where unanticipated and unintended outcomes are the norm.
Essentially, low carbon innovation demands we not only rethink the
promise of both technology and behavioural change, but our assump-
tions concerning systems, culture, politics, and uncertainty as well.
Acknowledgement
The authors are appreciative to the Research Councils United
Kingdom (RCUK) Energy Program Grant EP/K011790/1 “Centre on
Innovation and Energy Demand,” which has supported elements of the
work reported here. Any opinions, ﬁndings, and conclusions or re-
commendations expressed in this material are those of the authors and
do not necessarily reﬂect the views of RCUK Energy Program.
References
[1] IEA, World Energy Outlook 2012, International Energy Agency, Paris, 2012.
[2] International Renewable Energy Agency, International Energy Agency,
Perspectives for the Energy Transition. Investment Needs for a Low-Carbon Energy
System, (2017).
[3] F.W. Geels, B.K. Sovacool, T. Schwanen, S. Sorrell, Sociotechnical transitions for
deep decarbonization, Science 357 (6357) (2017) 1242–1244.
[4] S. Sorrell, Reducing energy demand: a review of issues, challenges and ap-
proaches, Renew. Sustain. Energy Rev. 47 (2015) 74–82.
[5] M.A. Brown, Market failures and barriers as a basis for clean energy policies,
Energy Policy 29 (14) (2001) 1197–1207.
[6] N. Eyre, Barriers to energy eﬃciency more than just market failure, Energy
Environ. 8 (1) (1997) 25–43.
[7] S. Sorrell, E. O’Malley, J. Schleich, S. Scott, The Economics of Energy Eﬃciency:
Barriers to Cost-Eﬀective Investment, Edward Elgar, Cheltenham, 2004.
[8] J. Rosenow, N. Eyre, The green deal and the energy company obligation, Proc.
ICE: Energy 166 (3) (2013) 127–136.
[9] E. Shoven, Comfort, Cleanliness, and Convenience: The Social Organization of
Normality, Berg Publishers, Oxford, 2003.
[10] E. Shove, Beyond the ABC: climate change policy and theories of social change,
Environ. Plan. A 42 (6) (2010) 1273–1285.
[11] F. Kern, P. Kivimaa, M. Martiskainen, Policy packaging or policy patching? The
development of complex energy eﬃciency policy mixes, Energy Res. Soc. Sci. 23
Table 1
Key research debates with regard to sociotechnical transitions and low carbon innovation.
Theme Research debate
Emergence • the relative role of outsiders and incumbents in the
emergence of low carbon innovations
• the scalability of niche-innovations• the signiﬁcance of place and geography for the emergence of
low carbon innovations
• the contribution of economic factors to the emergence of low
carbon innovations
• the change in user practices associated with low carbon
innovations
Diﬀusion • the relationship between the MLP and existing diﬀusion
models
• the diﬀerences between the diﬀusion of systemic innovations
and the diﬀusion of individual artefacts
• the processes through which diﬀusion can be accelerated
Impacts • the rebound eﬀects from low carbon innovations• the construction of impact scenarios• the usefulness of quantitative modelling tools for understanding
impacts and sociotechnical transitions
Cross-cutting • the co-construction of impacts• the role of policy and politics in shaping emergence, diﬀusion
and impacts
F.W. Geels et al. Energy Research & Social Science 40 (2018) 23–35
32
(2017) 11–25.
[12] P.C. Stern, B.K. Sovacool, T. Dietz, Towards a science of climate and energy
choices, Nat. Clim. Change 6 (2016) 547–555.
[13] M. Lehner, O. Mont, E. Heiskanen, Nudging – a promising tool for sustainable
consumption behaviour? J. Clean. Prod. 134 (Part A) (2016) 166–177.
[14] R.N.L. Andrews, E. Johnson, Energy use, behavioural change, and business orga-
nizations: reviewing recent ﬁndings and proposing a future research agenda,
Energy Res. Soc. Sci. 11 (2016) 195–208.
[15] L. Steg, Values, norms, and intrinsic motivation to act proenvironmentally, Annu.
Rev. Environ. Resour. 41 (2016) 277–292.
[16] T.P. Hughes, The evolution of large technological systems, in: W.E. Bijker,
T.P. Hughes, T. Pinch (Eds.), The Social Construction of Technological Systems:
New Directions in the Sociology and History of Technology, The MIT Press,
Cambridge, MA, 1987, pp. 51–82.
[17] G.C. Unruh, Understanding carbon lock-in, Energy Policy 28 (12) (2000) 817–830.
[18] F.W. Geels, From sectoral systems of innovation to sociotechnical systems: insights
about dynamics and change from sociology and institutional theory, Res. Policy 33
(6–7) (2004) 897–920.
[19] F.W. Geels, R. Kemp, G. Dudley, G. Lyons, Automobility in Transition? A
Sociotechnical Analysis of Sustainable Transport, Routledge, New York, 2012.
[20] C.A. Miller, J. Richter, J. O’Leary, Socio-energy systems design: a policy frame-
work for energy transitions, Energy Res. Soc. Sci. 6 (2015) 29–40.
[21] G. Spinardi, Up in the air: barriers to greener air traﬃc control and infrastructure
lock-in in a complex socio-technical system, Energy Res. Soc. Sci. 6 (2015) 41–49.
[22] A. Cherp, V. Vinichenko, J. Jewell, E. Brutschin, B.K. Sovacool, Integrating techno-
economic, socio-technical and political perspectives on national energy transi-
tions: a meta-theoretical framework, Energy Res. Soc. Sci. 37 (2017) 175–190.
[23] A. Smith, J.-P. Voß, J. Grin, Innovation studies and sustainability transitions: the
allure of a multi-level perspective and its challenges, Res. Policy 39 (4) (2010)
435–448.
[24] J. Markard, R. Raven, B. Truﬀer, Sustainability transitions: an emerging ﬁeld of
research and its prospects, Res. Policy 41 (6) (2012) 955–967.
[25] F. Geels, B.K. Sovacool, T. Schwanen, S. Sorrell, The socio-technical dynamics of
low-carbon transitions, Joule 1 (3) (2017) 463–479.
[26] B.K. Sovacool, D.J. Hess, Ordering theories: typologies and conceptual frameworks
for sociotechnical change, Soc. Stud. Sci. 47 (5) (2017) 703–750.
[27] C.S. Fischer, America Calling: A Social History of the Telephone to 1940,
University of California Press, Berkeley, CA, 1992.
[28] K.S. Gallagher, A. Grübler, L. Kuhl, G. Nemet, C. Wilson, The energy technology
innovation system, Annu. Rev. Environ. Resour. 37 (2012) 137–162.
[29] B. Turnheim, F. Berkhout, F. Geels, A. Hof, A. McMeekin, B. Nykvist, D. van
Vuuren, Evaluating sustainability transitions pathways: bridging analytical ap-
proaches to address governance challenges, Glob. Environ. Change 35 (2015)
239–253.
[30] D. Rosenbloom, Pathways: an emerging concept for the theory and governance of
low-carbon transitions, Glob. Environ. Change 43 (2017) 37–50.
[31] D. Rosenbloom, B. Haley, J. Meadowcroft, Critical choices and the politics of
decarbonization pathways: exploring branching points surrounding low-carbon
transitions in Canadian electricity systems, Energy Res. Soc. Sci. 37 (2018) 22–36.
[32] D. MacKenzie, J. Wajcman, The Social Shaping of Technology. How the
Refrigerator Got its Hum, Open University Press (second edition in 1999), Milton
Keynes, 1985.
[33] W.E. Bijker, J. Law, Shaping Technology/Building Society: Studies in
Sociotechnical Change, The MIT Press, Cambridge, MA, 1992.
[34] N. Oudshoorn, T. Pinch, How Users Matter: The Co-Construction of Users and
Technology, MIT Press, Cambridge, MA, 2003.
[35] K. Green, Creating demand for biotechnology; Shaping technologies and markets,
in: R. Coombs, P. Saviotti, V. Walsh (Eds.), Technological Change and Company
Strategies: Economic and Sociological Perspectives, Academic Press, London,
1992, pp. 164–184.
[36] R. Coombs, K. Green, A. Richards, V. Walsh, Technology and the Market: Demand,
Users and Innovation, Edward Elgar, Cheltenham, UK, 2001.
[37] D. Leonard-Barton, Implementation as mutual adaptation of technology and or-
ganization, Res. Policy 17 (5) (1988) 251–267.
[38] T.J. Pinch, W.E. Bijker, The social construction of facts and artifacts: or how the
sociology of science and the sociology of technology might beneﬁt each other, Soc.
Stud. Sci. 14 (3) (1984) 399–441.
[39] T.P. Hughes, The seamless web: technology, science, etcetera, etcetera, Soc. Stud.
Sci. 16 (2) (1986) 281–292.
[40] B. Latour, Science in Action, Harvard University Press, Cambridge, MA, 1987.
[41] M. Callon, Techno-economic networks and irreversibility, in: J. Law (Ed.), A
Sociology of Monsters: Essays on Power, Technology and Domination, Routledge,
London, 1991, pp. 132–161.
[42] A. Rip, R. Kemp, Technological change, in: S. Rayner, E.L. Malone (Eds.), Human
Choice and Climate Change, Volume 2, Battelle Press, Columbus, OH, 1998, pp.
327–399.
[43] F.W. Geels, Technological transitions as evolutionary reconﬁguration processes: a
multi-level perspective and a case-study, Res. Policy 31 (8–9) (2002) 1257–1274.
[44] A. Abbott, Methods of Discovery: Heuristics for the Social Sciences, W.W Norton &
Co, New York, 2004.
[45] F.W. Geels, J.W. Schot, Typology of sociotechnical transition pathways, Res.
Policy 36 (3) (2007) 399–417.
[46] R. Kemp, J. Schot, R. Hoogma, Regime shifts to sustainability through processes of
niche formation: the approach of strategic niche management, Technol. Anal.
Strateg. Manag. 10 (2) (1998) 175–196.
[47] R. Hoogma, R. Kemp, J. Schot, B. Truﬀer, Experimenting for Sustainable
Transport: The Approach of Strategic Niche Management, Spon Press, London and
New York, 2002.
[48] I. Van de Poel, On the role of outsiders in technical development, Technol. Anal.
Strateg. Manag. 12 (3) (2000) 383–397.
[49] P.E. Auerswald, L.M. Branscomb, Valleys of death and Darwinian seas: ﬁnancing
the invention to innovation transition in the United States, J. Technol. Transf. 28
(3–4) (2003) 227–239.
[50] F.W. Geels, R.P.J.M. Raven, Non-linearity and expectations in niche-development
trajectories: ups and downs in Dutch biogas development (1973–2003), Technol.
Anal. Strateg. Manag. 18 (3/4) (2006) 375–392.
[51] J.W. Schot, F.W. Geels, Strategic niche management and sustainable innovation
journeys: theory, ﬁndings, research agenda and policy, Technol. Anal. Strateg.
Manag. 20 (5) (2008) 537–554.
[52] A. Smith, R.P.J.M. Raven, What is protective space? Reconsidering niches in
transitions to sustainability, Res. Policy 41 (6) (2012) 1025–1036.
[53] M. Borup, N. Brown, K. Konrad, H. Van Lente, The sociology of expectations in
science and technology, Technol. Anal. Strateg. Manag. 18 (3–4) (2006) 285–298.
[54] H. Van Lente, Navigating foresight in a sea of expectations: lessons from the so-
ciology of expectations, Technol. Anal. Strateg. Manag. 24 (8) (2012) 769–782.
[55] R. Gross, P. Heptonstall, P. Greenacre, C. Candelise, F. Jones, A.C. Castillo,
Presenting the future: an assessment of future costs estimation methodologies in
the electricity generation sector, UKERC Report, UK Energy Research Centre,
2013.
[56] J. Gaede, J. Meadowcroft, A question of authenticity: status quo bias and the
International Energy Agency’s World Energy Outlook, J. Environ. Policy Plan. 18
(5) (2016) 608–627.
[57] A.Q. Gilbert, B.K. Sovacool, Looking the wrong way: bias, renewable electricity,
and energy modeling in the United States, Energy 94 (2016) 533–541.
[58] B.K. Sovacool, P. Kivimaa, S. Hielscher, K. Jenkins, Vulnerability and resistance in
the United Kingdom’s smart meter transition, Energy Policy 109 (2017) 767–781.
[59] F.W. Geels, B. Verhees, Cultural legitimacy and framing struggles in innovation
journeys: a cultural-performative perspective and a case study of Dutch nuclear
energy (1945–1986), Technol. Forecast. Soc. Change 78 (6) (2011) 910–930.
[60] A. Goldthau, B.K. Sovacool, Energy technology, politics, and interpretative frames:
shale gas fracking in Eastern Europe, Glob. Environ. Polit. 16 (4) (2016) 50–69.
[61] F. Olleros, Emerging industries and the burnout of pioneers, J. Prod. Innov.
Manag. 1 (1) (1986) 5–18.
[62] N. Melton, J. Axsen, D. Sperling, Moving beyond alternative fuel hype to dec-
arbonize transportation, Nat. Energy (2016) 16013.
[63] F. Sengers, A.J. Wieczorek, R. Raven, Experimenting for sustainability transitions:
a systematic literature review, Technol. Forecast. Soc. Change (2017), http://dx.
doi.org/10.1016/j.techfore.2016.08.031 in press.
[64] G. Seyfang, A. Haxeltine, Growing grassroots innovations: exploring the role of
community-based initiatives in governing sustainable energy transitions, Environ.
Plan. C: Gov. Policy 30 (3) (2012) 381–400.
[65] A. Smith, G. Seyfang, Constructing grassroots innovations for sustainability, Glob.
Environ. Change 23 (5) (2013) 827–829.
[66] A. Bergek, C. Berggren, T. Magnusson, M. Hobday, Technological discontinuities
and the challenge for incumbent ﬁrm: destruction, disruption or creative accu-
mulation? Res. Policy 42 (6–7) (2013) 1210–1224.
[67] C. Berggren, T. Magnusson, D. Sushandoyo, Transition pathways revisited: es-
tablished ﬁrms as multi-level actors in the heavy vehicle industry, Res. Policy 44
(5) (2015) 1017–1028.
[68] T. Schwanen, The bumpy road toward low-energy urban mobility: case studies
from two UK cities, Sustainability 7 (6) (2015) 7086–7111.
[69] F.W. Geels, F. Kern, G. Fuchs, N. Hinderer, G. Kungl, J. Mylan, M. Neukirch,
S. Wassermann, The enactment of socio-technical transition pathways: a re-
formulated typology and a comparative multi-level analysis of the German and UK
low-carbon electricity transitions (1990–2014), Res. Policy 45 (4) (2016)
896–913.
[70] F.W. Geels, F. Berkhout, D. Van Vuuren, Bridging analytical approaches for low-
carbon transitions, Nat. Clim. Change 6 (6) (2016) 576–583.
[71] A. Smith, Translating sustainabilities between green niches and sociotechnical
regimes, Technol. Anal. Strateg. Manag. 19 (4) (2007) 427–450.
[72] F.W. Geels, J.J. Deuten, Local and global dynamics in technological development:
a socio-cognitive perspective on knowledge ﬂows and lessons from reinforced
concrete, Sci. Public Policy 33 (4) (2006) 265–275.
[73] V. Margolin, The good city: design for sustainability, J. Des. Econ. Innov. 1 (1)
(2015) 34–43.
[74] G. Bridge, S. Bouzarovski, M. Bradshaw, N. Eyre, Geographies of energy transition:
space, place and the low-carbon economy, Energy Policy 53 (2013) 331–340.
[75] T. Hansen, L. Coenen, The geography of sustainability transitions: contours of an
emerging theme, Environ. Innov. Soc. Transit. 17 (2015) 63–72.
[76] J.T. Murphy, Human geography and socio-technical transition studies: promising
intersections, Environ. Innov. Soc. Transit. 17 (2015) 73–91.
[77] M. Hodson, S. Marvin, Can cities shape sociotechnical transitions and how would
we know if they were? Res. Policy 39 (4) (2010) 477–485.
[78] J. Rutherford, O. Coutard, Urban energy transitions: places, processes and politics
of sociotechnical change, Urban Stud. 51 (7) (2014) 1353–1377.
[79] H. Bulkeley, L. Coenen, N. Frantzeskaki, C. Hartmann, A. Kronsell, L. Mai,
S. Marvin, K. McCormick, F. van Steenbergen, Y. Voytenko Palgan, Urban living
labs: governing urban sustainability transitions, Curr. Opin. Environ. Sustain. 22
(2016) 13–17.
[80] D. Loorbach, J.M. Wittmayer, H. Shiroyama, J. Fujino, S. Mizuguchi (Eds.),
Governance of Urban Sustainability Transitions: European and Asian Experiences,
Springer, Tokyo, 2016.
F.W. Geels et al. Energy Research & Social Science 40 (2018) 23–35
33
[81] D. Satterthwaite, The transition to a predominantly urban world and its under-
pinnings, Human Settlements Discussion Paper, International Institute for
Environment and Development (IIED), London, 2007.
[82] R. Florida, Cities and the Creative Class, Routledge, New York, 2005.
[83] E. Glaeser, Triumph of the City: How Our Greatest Invention Makes Us Richer,
Smarter, Greener, Healthier and Happier, Penguin, New York, 2011.
[84] N. Brenner, New State Spaces: Urban Governance and the Rescaling of Statehood,
Oxford University Press, Oxford, 2004.
[85] E. McCann, K. Ward (Eds.), Mobile Urbanism: Cities and Policymaking in the
Global Age, University of Minnesota Press, Minneapolis, MN, 2011.
[86] C. Nolden, S. Sorrell, The UK market for energy service contracts in 2014–2015,
Energy Eﬃc. 9 (2016) 1405–1420.
[87] C. Nolden, S. Sorrel, F. Polzeb, Catalysing the energy service market: the role of
intermediaries, Energy Policy 98 (2016) 420–430.
[88] R. Bolton, M. Hannon, Governing sustainability transitions through business
model innovation: towards a systems understanding, Res. Policy 45 (9) (2016)
1731–1742.
[89] R. Best, Switching towards coal or renewable energy? The eﬀects of ﬁnancial
capital on energy transitions, Energy Econ. 63 (2017) 75–83.
[90] R. Bolton, T.J. Foxon, A sociotechnical perspective on low carbon investment
challenges – insights for UK energy policy, Environ. Innov. Soc. Transit. 14 (2015)
165–181.
[91] W. Blyth, R. Gross, J. Speirs, S. Sorrell, J. Nicholls, A. Dorgan, N. Hughes, Low-
Energy Jobs: The Evidence for Net Job Creation from Policy Support for Energy
Eﬃciency and Renewable Energy, UK Energy Research Centre, London, 2014.
[92] E. Shove, G. Walker, Governing transitions in the sustainability of everyday life,
Res. Policy 39 (4) (2010) 471–476.
[93] M. Lawhon, J.T. Murphy, Sociotechnical regimes and sustainability transitions:
insights from political ecology, Prog. Hum. Geogr. 36 (4) (2012) 354–378.
[94] R. Silverstone, Hirsch (Eds.), Consuming Technologies: Media and Information in
Domestic Spaces, Routledge, New York, 1992.
[95] M. Lie, K.H. Sørensen (Eds.), Making Technology our Own: Domesticating
Technology into Everyday Life, Scandinavian University Press, Oslo, 1996.
[96] M. Ryghaug, M. Toftaker, A transformative practice? Meaning, competence, and
material aspects of driving electric cars in Norway, Nat. Cult. 9 (2) (2014)
146–163.
[97] E. Von Hippel, The Sources of Innovation, Oxford University Press, Oxford, 1988.
[98] S. Flowers, F. Henwood (Eds.), Perspectives on User Innovation, World Scientiﬁc
and Imperial College Press, 2010.
[99] J.W. Schot, L. Kanger, G. Verbong, The roles of users in shaping transitions to new
energy systems, Nat. Energy 1 (2016) 16054.
[100] J.W. Schot, A.A. De la Bruheze, The mediated design of products, consumption and
consumers in the twentieth century, in: N. Oudshoorn, T. Pinch (Eds.), How Users
Matter: The Co-Construction of Users and Technology, MIT Press, Cambridge, MA,
2003, pp. 229–245.
[101] J. Howells, Intermediation and the role of intermediaries in innovation, Res.
Policy 35 (5) (2006) 715–728.
[102] P. Kivimaa, M. Martiskainen, Innovation, low energy buildings and intermediaries
in Europe: systematic case study review, Energy Eﬃc. (2017), http://dx.doi.org/
10.1007/s12053-017-9547-y in press.
[103] M. Martiskainen, P. Kivimaa, Creating innovative zero carbon homes in the United
Kingdom – intermediaries and champions in building projects, Environ. Innov.
Soc. Transit. (2017), http://dx.doi.org/10.1016/j.eist.2017.08.002 in press.
[104] R.E. Bush, C.S.E. Bale, M. Powell, A. Gouldson, P.G. Taylor, W.F. Gale, The role of
intermediaries in low carbon transitions – empowering innovations to unlock
district heating in the UK, J. Clean. Prod. 148 (2017) 137–147.
[105] F.W. Geels, Regime resistance against low-carbon transitions: introducing politics
and power into the multi-level perspective, Theor. Cult. Soc. 31 (5) (2014) 21–40.
[106] J.M. Staudenmaier, The politics of successful technologies, in: S.H. Cutliﬀe,
R.C. Post (Eds.), In Context: History and the History of Technology: Essays in
Honor of Melvin Kranzberg, Lehigh University Press, Bethlehem, PA, 1989, pp.
150–171.
[107] J.J. Deuten, A. Rip, J. Jelsma, Societal embedding and product creation man-
agement, Technol. Anal. Strateg. Manag. 9 (2) (1997) 131–148.
[108] N. Rosenberg, Factors aﬀecting the diﬀusion of technology, Explor. Econ. Hist. 10
(1) (1972) 3–33.
[109] C. Freeman, C. Perez, Structural crisis of adjustment, business cycles and invest-
ment behaviour, in: G. Dosi, C. Freeman, R. Nelson, G. Silverberg, L. Soete (Eds.),
Technical Change and Economic Theory, Pinter, London, 1988, pp. 38–66.
[110] E. Rogers, The Diﬀusion of Innovations (Fifth Edition in 1996), Free Press, New
York, 1962.
[111] T. Hagerstrand, Innovation Diﬀusion as a Spatial Process, University of Chicago
Press, Chicago, IL, 1968.
[112] P. Stoneman, Technological Diﬀusion and the Computer Revolution, Clarendon
Press, Oxford, 1976.
[113] S. Davies, Diﬀusion of Process Innovations, Cambridge University Press,
Cambridge, 1979.
[114] I. Ajzen, The theory of planned behavior, Organ. Behav. Hum. Decis. Process. 50
(2) (1991) 179–211.
[115] W.B. Arthur, Competing technologies: an overview, in: G. Dosi, C. Freeman,
R. Nelson, G. Silverberg, L. Soete (Eds.), Technical Change and Economic Theory,
Pinter, London, 1988, pp. 590–607.
[116] A. Grubler, C. Wilson, G. Nemet, Apples, oranges, and consistent comparisons of
the temporal dynamics of energy transitions, Energy Res. Soc. Sci. 22 (2016)
18–25.
[117] A. Grübler, Diﬀusion: long-term patterns and discontinuities, Technol. Forecast.
Soc. Change 39 (1–2) (1991) 159–180.
[118] F. Lissoni, J.S. Metcalfe, Diﬀusion of innovation ancient and modern: a review of
the main themes, in: M. Dodgson, R. Rothwell (Eds.), The Handbook of Industrial
Innovation, Edward Elgar, Cheltenham, UK, 1994, pp. 106–141.
[119] K. Lyytinen, J. Damsgaard, What’s wrong with the diﬀusion of innovation theory?
in: M.A. Ardis, B.L. Marcolin (Eds.), Diﬀusing Software Product and Process
Innovations, Springer, New York, 2000, pp. 173–190.
[120] F.W. Geels, A. McMeekin, J. Mylan, D. Southerton, A critical appraisal of sus-
tainable consumption and production research: the reformist, revolutionary and
reconﬁguration positions, Glob. Environ. Change 34 (2015) 1–12.
[121] B.K. Sovacool, How long will it take? Conceptualizing the temporal dynamics of
energy transitions, Energy Res. Soc. Sci. 13 (2016) 202–215.
[122] F. Kern, K.S. Rogge, The pace of governed energy transitions: agency, international
dynamics and the global Paris agreement accelerating decarbonisation processes?
Energy Res. Soc. Sci. 22 (2016) 13–17.
[123] IPCC (Intergovernmental Panel on Climate Change), Summary for policymakers,
Climate Change 2014, Mitigation of Climate Change, (2014).
[124] J. Rockström, O. Gaﬀney, J. Rogelj, M. Meinshausen, Nakicenovic,
H.J. Schellnhuber, A roadmap for rapid decarbonisation, Science 355 (6331)
(2017) 1269–1271.
[125] WBGU, World in Transition: A Social Contract for Sustainability, German Advisory
Council on Global Change, Berlin, 2011.
[126] United Nations Climate Change Secretariat, Climate Action Now: Summary for
Policymakers, (2016).
[127] C. Figueres, H.J. Schellnhuber, G. Whiteman, J. Rockström, A. Hobley,
S. Rahmstorf, Three years to safeguard our climate, Nature 546 (7660) (2017)
593–595.
[128] J. Meadowcroft, Let’s get this transition moving!, Can. Public Policy 42 (2016)
S10–S17.
[129] L. Delina, M. Diesendorf, Is wartime mobilisation a suitable policy model for rapid
national climate mitigation? Energy Policy 58 (2013) 371–380.
[130] F. Kern, B. Verhees, R. Raven, A. Smith, Empowering sustainable niches: com-
paring UK and Dutch oﬀshore wind developments, Technol. Forecast. Soc. Change
100 (2015) 344–355.
[131] R. Raven, F. Kern, B. Verhees, A. Smith, Niche construction and empowerment
through socio-political work. A meta-analysis of six low-carbon technology cases,
Environ. Innov. Soc. Transit. 18 (2016) 164–180.
[132] C.C.R. Penna, F.W. Geels, Climate change and the slow reorientation of the
American car industry (1979–2011): an application and extension of the Dialectic
Issue LifeCycle (DILC) model, Res. Policy 44 (5) (2015) 1029–1048.
[133] W. McDowall, F.W. Geels, Ten challenges for computer models in transitions re-
search: a commentary on Holtz et al, Environ. Innov. Soc. Transit. 22 (2017)
41–49.
[134] M. Dowson, A. Poole, D. Harrison, G. Susman, Domestic UK retroﬁt challenge:
barriers, incentives and current performance leading into the Green Deal, Energy
Policy 50 (2012) 294–305.
[135] I.G. Hamilton, P.J. Steadman, H. Bruhns, A.J. Summerﬁeld, R. Lowe, Energy ef-
ﬁciency in the British housing stock: energy demand and the Homes Energy
Eﬃciency Database, Energy Policy 60 (2013) 462–480.
[136] N. Rosenberg, Innovation’s uncertain terrain, McKinsey Q. 3 (1995) 170–185.
[137] D. Nye, Electrifying America: Social Meanings of a New Technology, MIT Press,
Cambridge, MA, 1990.
[138] S. Sorrell, J. Dimitropoulos, The rebound eﬀect: microeconomic deﬁnitions, lim-
itations and extensions, Ecol. Econ. 65 (3) (2008) 636–649.
[139] M. Chitnis, S. Sorrell, Living up to expectations: estimating direct and indirect
rebound eﬀects for UK households, Energy Econ. 52 (1) (2015) 100–116.
[140] L. Stapleton, S. Sorrell, T. Schwanen, Estimating direct redound eﬀects for per-
sonal automotive travel in Great Britain, Energy Econ. 54 (2016) 313–325.
[141] L. Stapleton, S. Sorrell, T. Schwanen, Peak car and increasing rebound: a closer
look at car travel trends in Great Britain, Transp. Res. Part D: Transp. Environ.t 53
(2017) 217–233.
[142] M. Harding, M. Rapson, Do Voluntary Carbon Oﬀsets Induce Energy Rebound? A
Conservationist’s Dilemma, University of California, Davis, 2013.
[143] V. Tiefenbeck, T. Staake, K. Roth, O. Sachs, For better or for worse? Empirical
evidence of moral licensing in a behavioral energy conservation campaign, Energy
Policy 57 (2013) 160–171.
[144] V. Smil, Perils of long-range energy forecasting: reﬂections on looking far ahead,
Technol. Forecast. Soc. Change 65 (3) (2000) 251–264.
[145] P.G. Taylor, P. Upham, W. McDowall, D. Christopherson, Energy model, boundary
object and societal lens: 35 years of the MARKAL model in the UK, Energy Res.
Soc. Sci. 4 (2014) 32–41.
[146] F.W. Geels, W.A. Smit, Failed technology futures: pitfalls and lessons from a his-
torical survey, Futures 32 (9/10) (2000) 867–885.
[147] M. Jeﬀerson, Closing the gap between energy research and modelling, the social
sciences, and modern realities, Energy Res. Soc. Sci. 4 (2014) 42–52.
[148] G. Marletto, Car and the city: sociotechnical transition pathways to 2030, Technol.
Forecast. Soc. Change 87 (2014) 164–178.
[149] G. Holtz, F. Alkemade, F. De Haan, J. Köhler, E. Trutnevyte, T. Luthe, J. Halbe,
G. Papachristos, E. Chappin, J. Kwakkel, S. Ruutu, Prospects of modelling societal
transitions: position paper of an emerging community, Environ. Innov. Soc.
Transit. 17 (2015) 41–58.
[150] N. Bergman, A. Haxeltine, L. Whitmarsh, J. Köhler, M. Schilperoord, J. Rotmans,
Modelling sociotechnical transition patterns and pathways, J. Artif. Soc. Soc.
Simul. 11 (3) (2008) 7.
[151] F.G.N. Li, Actors behaving badly: exploring the modelling of non-optimal beha-
viour in energy transitions, Energy Strategy Rev. 15 (2017) 57–71.
F.W. Geels et al. Energy Research & Social Science 40 (2018) 23–35
34
[152] F.G.N. Li, N. Strachan, Modelling energy transitions for climate targets under
landscape and actor inertia, Environ. Innov. Soc. Transit. 24 (2017) 106–129.
[153] T.J. Foxon, G.P. Hammond, P.J.G. Pearons, Developing transition pathways for a
low carbon electricity system in the UK, Technol. Forecast. Soc. Change 77 (2010)
1203–1213.
[154] W. McDowall, Exploring possible transition pathways for hydrogen energy: a
hybrid approach using socio-technical scenarios and energy system modelling,
Futures 63 (2014) 1–14.
[155] E. Trutnevyte, J. Barton, A. O’Grady, D. Ogunkunle, D. Pudjianto, E. Robertson,
Linking a storyline with multiple models: a cross-scale study of the UK power
system transition, Technol. Forecast. Soc. Change 89 (2014) 26–42.
[156] P. Fortes, A. Alvarenga, J. Seixas, S. Rodrigues, Long-term energy scenarios:
bridging the gap between socio-economic storylines and energy modelling,
Technol. Forecast. Soc. Change 91 (2015) 161–178.
[157] M. Akrich, The description of technical objects, in: W.E. Bijker, J. Law (Eds.),
Shaping Technology/Building Society: Studies in Sociotechnical Change, MIT
Press, Cambridge, MA, 1992.
[158] D. Collingridge, The Social Control of Technology, St. Martin’s Press, New York,
1980.
[159] A. Rip, Introduction of new technology: making use of recent insights from so-
ciology and economics of technology, Technol. Anal. Strateg. Manag. 7 (4) (1995)
417–432.
[160] J. Schot, A. Rip, The past and future of constructive technology assessment,
Technol. Forecast. Soc. Change 54 (2–3) (1997) 251–268.
[161] B.K. Sovacool, R.J. Heﬀron, D. McCauley, A. Goldthau, Energy decisions reframed
as justice and ethical concerns, Nat. Energy 1 (2016) 1–6.
[162] K. Jenkins, D. McCauley, R. Heﬀron, H. Stephan, R. Rehner, Energy justice: a
conceptual review, Energy Res. Soc. Sci. 11 (2016) 174–182.
[163] B.K. Sovacool, The importance of comprehensiveness in renewable electricity and
energy eﬃciency policy, Energy Policy 37 (2009) 1529–1541.
[164] P. Kivimaa, F. Kern, Creative destruction or mere niche support? Innovation policy
mixes for sustainability transitions, Res. Policy 45 (2016) 205–217.
[165] M. Givoni, J. Macmillen, D. Banister, E. Feitelson, From policy measures to policy
packages, Transp. Rev. 33 (1) (2013) 1–20.
[166] J. Meadowcroft, What about the politics? Sustainable development, transition
management, and long term energy transitions, Policy Sci. 42 (4) (2009) 323–340.
[167] J. Markard, M. Suter, K. Ingold, Socio-technical transitions and policy change:
advocacy coalitions in Swiss energy policy, Environ. Innov. Soc. Transit. 18 (2016)
215–237.
[168] B. Elzen, F.W. Geels, C. Leeuwis, B. Van Mierlo, Normative contestation in tran-
sitions ‘in the making’: animal welfare concerns and system innovation in pig
husbandry (1970–2008), Res. Policy 40 (2) (2011) 263–275.
[169] F. Kern, J. Markard, Analysing energy transitions: combining insights from tran-
sition studies and international political economy, in: T. Van de Graaf,
B.K. Sovacool, A. Ghosh, F. Kern, Michael T. Klare (Eds.), The Palgrave Handbook
of the International Political Economy of Energy, Palgrave Macmillan, London,
2016, pp. 291–318.
[170] D.J. Hess, The politics of niche-regime conﬂicts: distributed solar energy in the
United States, Environ. Innov. Soc. Transit. 19 (2016) 42–50.
[171] F. Ehnert, F. Kern, S. Borgström, L. Gorissen, S. Maschmeyer, M. Egermann, Urban
sustainability transitions in a context of multi-level governance: a comparison of
four European states, Environ. Innov. Soc. Transit. (2017), http://dx.doi.org/10.
1016/j.eist.2017.05.002 in press.
[172] H. Bulkeley, M. Betsill, Rethinking sustainable cities: multilevel governance and
the urban politics of climate change, Environ. Polit. 14 (1) (2005) 42–63.
[173] C. Wilson, A. Grubler, K.S. Gallagher, G.F. Nemet, Marginalization of end-use
technologies in energy innovation for climate protection, Nat. Clim. Change 2 (11)
(2012) 780–788.
[174] W.E. Walker, V.A.W.J. Marchau, D. Swanson, Addressing deep uncertainty using
adaptive policies: introduction to section 2, Technol. Forecast. Soc. Change 77 (6)
(2010) 917–923.
[175] DECC, The Future of Heating: Meeting the challenge, Department of Energy and
Climate Change, London, 2013.
[176] L. Ryan, N. Campbell, Spreading the Net: The Multiple Beneﬁts of Energy
Eﬃciency Improvements, IEA working paper, Int. Energy Agency (2012).
[177] A. Midtum, T. Baumgartner, Negotiating energy futures: The politics of energy
forecasting, Energy Policy 14 (3) (1986) 219–241.
[178] P.S. Hofman, B. Elzen, Exploring system innovation in the electricity system
through sociotechnical scenarios, Tech. Anal. Strategic Manage. 22 (6) (2010)
653–670.
F.W. Geels et al. Energy Research & Social Science 40 (2018) 23–35
35
